chocardiography is now recognized as an integral diagnostic tool that enables noninvasive quantification of cardiac chamber size, ventricular mass, and function in the clinical setting. Furthermore, technological advancement in Doppler echocardiography enables quantitative assessment of ventricular diastolic function as well as systolic function. Thus, echocardiography has become an important cardiac imaging technique in a number of clinical trials evaluating the efficacy of drug treatments or new therapeutic strategies.
Methods

Study Population
We enrolled a total of 700 healthy volunteers, aged from 20 to 79 years (383 men: mean age 43.7±14.5 years; 317 women: mean age 43.5±14.5 years), at 17 collaborating institutions. A standard protocol for echocardiographic measurements was established for this study. Exclusion criteria were subjects with any history of hyperlipidemia, hypertension, diabetes mellitus, renal failure, cardiovascular disease, abnormal electrocardiographic findings including cardiac arrhythmia and bundle branch block, or abnormal echocardiographic findings (LV wall motion abnormalities or significant valvular disease). Subjects with poor echocardiographic images or with significant fever, anemia, or high blood pressure (systolic ≥135 or diastolic ≥85 mmHg) at the time of echocardiographic examination or those under the influence of any agent that could affect echocardiographic measurements were also excluded. The study protocol was approved by the local hospital ethics committees, and in- formed consent was given by all subjects.
Echocardiographic Chamber Quantification
Echocardiographic assessment was made using commercially available equipment with tissue Doppler echocardiography capabilities at each institution according to a standard protocol. The 2-dimensional (D) and color Doppler imaging were performed as screening for significant valvular disease.
In each subject, cardiac chamber quantification by 2D echocardiography was performed according to the guidelines provided by the American Society of Echocardiography. 1 The 2D aortic diameters were measured at the aortic valve annulus, the maximal diameter in the sinus of Valsalva, and the sinotubular junction (transition between the sinuses of Valsalva and the tubular portion of the ascending aorta) from the parasternal long-axis acoustic window. Interventricular septal wall thickness and posterior wall thickness at end-diastole, and LV internal dimension at both end-diastole and end-systole were also measured using 2D images from the parasternal long-axis acoustic window. LV end-diastolic volume (EDV) and end-systolic volume (ESV) were measured by the biplane Simpson disk method using 2D images from the apical 4-and 2-chamber views. Ejection fraction was calculated by the equation 100×(EDV-ESV)/EDV. LV mass was calculated based on the area -length formula as previously described. 1 Assessment of right ventricular (RV) size was performed by measuring the end-diastolic area, end-systolic area, and enddiastolic midcavity diameter from the apical 4-chamber view (Fig 1) . For assessing RV function, RV fractional area change 12 was calculated by the equation 100×(end-diastolic area -end-systolic area)/end-systolic area. The left atrial (LA) diameter was measured at the end of ventricular systole from both the parasternal long-axis and the apical 4-chamber views (Fig 2) . The LA length was also measured from the apical 4-chamber view. Maximum and minimum LA volumes were measured by the biplane Simpson disk method using 2D images from the apical 4-and 2-chamber views, as well as LV volume. The right atrial (RA) size was assessed by measuring the diameter and length at the end of ventricular systole from the apical 4-chamber view (Fig 2) . Each parameter obtained from chamber quantification was indexed for body surface area (BSA) when appropriate.
Doppler Echocardiography
Pulsed-wave Doppler examination of mitral inflow was performed as previously described. 13 Peak velocities of early (E) and late (A) diastolic flow, E/A ratio, and early flow deceleration time (Dct) were measured. Tissue Doppler imaging (TDI) of the mitral annular motion was recorded from the apical 4-chamber view. A 5-mm sample volume was placed sequentially at the septal mitral annulus and lateral mitral annulus. Early (e') and late (a') diastolic annular velocities were measured from TDI images. The ratio of mitral E to TDI e' was calculated using both septal (E/e' sept) and lateral (E/e' lat) velocities. The LV Tei index (myocardial performance index), a combined index of systolic and diastolic function, was also calculated using mitral inflow velocity and LV outflow velocity, as previously reported. 14,15
Relationship of Echocardiographic Parameters to Age
To determine how echocardiographic parameters vary with age in a healthy Japanese population, we assessed the relationships between age and aortic diameter, LV wall thickness, LV volume, LV mass, RV area, diastolic function parameters, and the Tei index.
Statistical Analysis
Data were stratified by both age and sex and expressed as the mean ± SD. Univariate regression analysis was used to assess liner correlations between age and the echocardiographic parameters. A p value <0.05 was considered statistically significant.
Results
Demographic Features
The clinical characteristics of the study subjects are provided in Table 1 . There were no significant differences in heart rate or BSA among the different age groups. In women, both systolic (r=0.40, p<0.0001) and diastolic (r=0.23, p<0.0001) pressure increased significantly with age. In men, both systolic and diastolic pressure tended to increase with age, but these correlations were not statistically significant.
Echocardiographic Parameters and Their Relationship to Age
Aortic Diameter The aortic diameter measurements are shown in Table 2 . Although the aortic annular diameter index (indexed for BSA) had a weak correlation with age (Table 5) , the increase in t he annular diameter was so small that it was assumed to be clinically insignificant. In contrast, aortic diameter at both the sinus of Valsalva and sinotubular junction increased significantly with age.
LV Dimensions, Volumes, and Mass The LV measurements are shown in Table 2 . Both septal and posterior wall thicknesses and LV mass increased with age in both men and women, whereas blood pressure and BSA did not show a significant change with age in men ( Table 5 ). LV chamber size decreased with age, as both EDV and ESV indexes decreased with age in both men and women (Table 5) . LV ejection fraction showed little variation with age in the overall population and was weakly correlated with age only in men.
RV Dimensions The RV measurements are shown in Table 4 . Both diastolic and systolic RV area indexes decreased slightly with age, but these changes were small and thought to be negligible in both men and women ( Table 5) . As a result, RV fractional area change did not vary with age.
LA and RA Dimensions The LA and RA measurements are shown in Table 3 . Note that the LA diameter in the parasternal long-axis view and LA length in the apical 4-chamber view increased with age. In contrast, both maximum and minimum LA volumes by the biplane Simpson disk method showed no consistent variation with age in either men or women.
Diastolic Parameters All Doppler parameters are shown in Table 4 . All diastolic parameters were significantly associated with age (Table 5) , as previously described. 5 Namely, a decline in mitral peak E velocity, an increase in mitral peak A velocity, a decline in mitral E/A ratio, and an increase in mitral Dct were observed with age in both men and women. TDI e' velocities at both sides decreased significantly with age, while e' velocity at the lateral annulus was higher than that at the septal annulus throughout all ages in both men and women. TDI a' velocities at both the septal and lateral sides similarly decreased with age. E/e' ratio at both the septal and lateral sides increased with age.
Discussion
We report for the first time the normal values of echocardiographic measurements and the relationship of these parameters with age in a large Japanese population. These results may be helpful, not only in routine echocardiographic examination, but also in interpreting the echocardiographic results of clinical trials.
Cardiac Chamber Quantification
This study demonstrated changes in cardiac chamber measurements with age, together with the diastolic parameters, in a single healthy population. A few investigations have reported age-related changes in LV geometry, 16, 17 aortic root dimensions 18 or diastolic parameters. 5 It is generally accepted that LV diastolic function decreases gradually with age. A gender difference in LV structure and anatomy has also been reported. 19 However, age-related changes in ventricular and atrial geometry are still controversial. An interesting finding in the present study was that Japanese hearts were small compared with the reference values in the guidelines from the American Society of Echocardiography. 1 For example, the mean LV diastolic diameter in Japanese men in the present study was only 4.4±0.3 cm, whereas the reference value of LV diastolic diameter in the guidelines 1 is 4.2-5.9 cm. Indeed, these values indexed for BSA are not significantly different. Although the guidelines indicated that were no significant race-related differences in chamber size, 1 other studies have reported significant racial differences in LV geometry. [8] [9] [10] However, diagnostic or therapeutic decisions are sometimes based on the echocardiographic results without indexing the parameters for BSA. Thus, cardiac chamber dimensional differences among races should be carefully considered when these measurements are used for making diagnostic or therapeutic decisions in individual patients.
LV wall thickness and LV mass increased gradually with age even in this healthy population. In particular, the observed septal and posterior wall thickness was only 0.7± 0.1 cm in women aged 20-29 compared with 0.9±0.1 cm in women aged 70-79 years. Although we could determine normal values for these parameters based on age, further investigation is needed to determine the clinical relevance of these age-related differences.
Indexed LA volume was unchanged with age, despite a decline in diastolic parameters with age in this study. Pritchett et al reported 20 that LV diastolic dysfunction contributed to LA remodeling and enlarged LA volume was associated with the grade of diastolic dysfunction; however, the difference in the indexed LA volume between subjects with normal diastolic function and those with mildly impaired relaxation was relatively small in their report (23±6 and 25±8 ml/m 2 , respectively). Thus, in the present study age-related mild impairment of diastolic function might not have affected the indexed LA volume. On the other hand, LA diameter in the parasternal long-axis acoustic view and LA length in the apical 4-chamber view showed significant increase with aging, whereas LA diameter in the apical 4-chamber view and the LA volume were unchanged. We calculated LA volume by the biplane Simpson disk method using 2D images in the apical 2-and 4-chamber views based on the principle that the total LA volume is calculated from the summation of a stack of elliptical disks. Thus, 3D alterations in structure with age might influence these measurements of the LA. In addition, these echocardiographic measurements might also be affected by physical differences among each age group. We need further investigations using 3D images with 3D echocardiography or magnetic resonance imaging to address this issue.
Diastolic Parameters and the Tei Index
In this study, diastolic parameters declined significantly with age in the same manner as previously described. 5 Our study population included young subjects in a single population aged 20-79 years, compared with the previous study that only included individuals over 45 years. 5 Therefore, our results are applicable to the assessment of diastolic function in young patients with cardiac disease. Our results suggest that diastolic function should be assessed or stratified according to patient age. In contrast, the Tei index showed no significant variation with age.
Japanese Normal Values for Routine Echocardiography
The present study demonstrated relatively small cardiac chambers in the Japanese population. Whereas some parameters for chamber quantification showed statistically significant changes with age, these changes were relatively small. Thus, as shown in Table 6 , we suggest using selected mean values for all ages as normal values for the Japanese adult population when routine echocardiography is performed. We strongly believe that these reference values will be helpful in the clinical setting for many Japanese patients and physicians.
Study Limitations
Medical histories of participants were reviewed at each institution. Therefore, the presence of unrecognized cardiovascular disease cannot be ruled out.
Echocardiographic measurements were performed at each institution according to a standard protocol. Thus, interobserver variability might affect the measurement of parameters. However, the standard deviations of measurements were small and similar to those reported in previous studies. 1, 5 Thus, the influence of interobserver variability was considered to be negligible.
Conclusions
We report normal values of echocardiographic measurements in a large, healthy Japanese population. There were several systolic and diastolic parameters that varied with age. We believe that our results provide important reference values that should be useful in routine clinical practice as well as clinical trials.
